Thermodynamic properties of aqueous species are essential for modeling of fluid-rock interaction processes. The HelgesonKirkham-Flowers (HKF) model is widely used for calculating standard state thermodynamic properties of ions and complexes over a wide range of temperatures and pressures. To do this, the HKF model requires thermodynamic and electrostatic models of water solvent. In this study, we investigate and quantify the impact of choosing different models for calculating water solvent volumetric and dielectric properties, on the properties of aqueous species calculated using the HKF model. We identify temperature and pressure conditions at which the choice of different models can have a considerable effect on the properties of aqueous species and on fluid mineral equilibrium calculations. The investigated temperature and pressure intervals are 25-1000°C and 1-5 kbar, representative of upper to middle crustal levels, and of interest for modeling ore-forming processes. The thermodynamic and electrostatic models for water solvent considered are: Haar, Gallagher and Kell (1984) , Pruß (2002), and Duan (2005) , to calculate water volumetric properties, and Johnson and Norton (1991), Fernandez and others (1997), and Sverjensky and others (2014), to calculate water dielectric properties. We observe only small discrepancies in the calculated standard partial molal properties of aqueous species resulting from using different water thermodynamic models. However, large differences in the properties of charged species can be observed at higher temperatures (above 500°C) as a result of using different electrostatic models. Depending on the aqueous speciation and the reactions that control the chemical composition, the observed differences can vary. The discrepancy between various electrostatic models is attributed to the scarcity of experimental data at high temperatures. These discrepancies restrict the reliability of the geochemical modeling of hydrothermal and ore formation processes, and the retrieval of thermodynamic parameters from experimental data at elevated temperatures and pressures.
Introduction
Aqueous fluids play a major role in geochemical processes that occur in the Earth's crust [1] [2] [3] [4] [5] [6] [7] [8] [9] . Field observations as well as experimental and theoretical studies have shown that these fluids contain a variety of ions and aqueous complexes that are responsible for mineral dissolution-precipitation and the mobility of elements [7, [10] [11] [12] [13] [14] [15] . Fluid-rock interactions are ubiquitously present in ore deposition, metasomatic, and hydrothermal processes (e.g., [16] [17] [18] [19] ).
At elevated temperature and pressure conditions, at which direct observations are not possible and experiments are difficult to perform, thermodynamic modeling is key to gain a better understanding of the chemistry of aqueous fluids involved in fluid-rock interactions and for quantifying elemental mobility (e.g., [11, [20] [21] [22] [23] [24] ). The reliability of geochemical and reactive transport modeling, however, among other things, depends on the accuracy of calculated thermodynamic properties of aqueous species (ions and complexes) at the temperature and pressure conditions of interest [25] [26] [27] [28] [29] [30] .
The most widely used model for calculating thermodynamic properties of aqueous ions and complexes in geochemical applications is the Helgeson-Kirkham-Flowers (HKF) equation of state. The HKF model has been originally formulated for the calculation of standard partial molal thermodynamic properties of aqueous species up to 1000°C and 5 kbar, and water density ρ H 2 O ≥ 350 kg/m 3 [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . These conventional limitations are related to the accuracy of the model and the accuracy of the calculated water density and dielectric constant. Sverjensky et al. [9] developed an empirical model for calculating the dielectric constant of water allowing the HKF model to be applied at deep crustal-level conditions with pressures up to 60 kbar and temperatures up to 1200°C [4, 9, [42] [43] [44] [45] . Although a versatile model, the HKF model is not accurate enough when applied to thermodynamic conditions close to the critical point of water, for calculating properties of neutral species, and in low-density solutions [46] [47] [48] . Over the past years, however, a variety of thermodynamic models (or equations of state) for calculating the properties of aqueous solvent and solutes have been formulated with superior calculation accuracy at those conditions for which the HKF model is not sufficiently reliable. A review of these models is presented in Dolejš [47] . Despite the recent efforts in the formulation of more accurate models, the HKF model remains dominant in the geochemical modeling community, and this will most likely continue in the near future given its widespread use in many geochemical software.
The success of the HKF model is notably due to the extensive parameter dataset ( [40] ; SUPCRT datasets, e.g., slop98.dat and slop16.dat) that covers a large part of the periodic table and due to the broad set of correlations that were developed to estimate standard state properties and equation of state coefficients for systems with little or no experimental data [38, 49] . The standard state thermodynamic properties from the SUPCRT dataset together with the HKF model are being used for geochemical modeling in several Gibbs energy minimization (GEM) code packages such as GEM-Selektor [50] , Reaktoro [51] , Perplex [52] , and ChemApp [53] . Furthermore, the SUPCRT dataset, together with the HKF model, was applied for generating the bulk of the existing law of mass action (LMA) thermodynamic databases used in popular geochemical modeling codes such as PHREEQC [54] , Geochemist's Workbench [55] , EQ3/6 [56] , SOLVEQ, and CHILLER [57] . The SUPCRT dataset is distributed with the HKF model [38, 39] and is still being further extended [9, 43, [58] [59] [60] .
The HKF model considers the standard partial molal properties of aqueous species as the sum of nonsolvation and solvation contributions. The nonsolvation contributions are calculated using semi-empirical HKF parameters. In order to calculate the solvation contributions, the HKF model uses the Born theory [61] , which defines the solvation contributions as functions of the water dielectric constant. In turn, models that calculate the dielectric constant are functions of the water density. Consequently, in order to obtain the properties of aqueous species using the HKF model, one needs to choose an electrostatic model for calculating the dielectric constant of water and a thermodynamic model to compute the water density.
Both electrostatic and thermodynamic models rely on data obtained from experiments. Experimental data on the dielectric constant of water are only available up to 550°C and 5 kbar, and no new experiments at elevated temperatures and pressures have so far been reported [2, 9, 46, 62] . Several models have been developed to predict the dielectric constant of water at temperatures up to 1200°C and pressures of 60 kbar [9, 32, [63] [64] [65] . However, some discrepancies are known between the existing electrostatic models, especially at temperature and pressure conditions for which no experimental data are available [9, 47, 66] .
In contrast to dielectric constant, there exists a significant amount of experimental data on water density at temperature and pressure conditions relevant to hydrothermal processes [67] . Thus, models for calculating thermodynamic properties of water are more reliable than those for calculation of electrostatic properties. The International Association for the Properties of Water and Steam (IAPWS) has recommended accurate thermodynamic models (equations of state) for pure water calibrated using reliable, high-quality experimental data [67] . Other equations of state for water have been developed for high-pressure conditions that extend the recommended applicability ranges of the IAPWS models [68, 69] .
The focus of this study is to establish how the choice of thermodynamic and electrostatic models for water solvent can affect the calculated properties of aqueous species and to assess the discrepancies in the calculated properties between commonly used thermodynamic and electrostatic models in the framework of the Helgeson-Kirkham-Flowers model. The selected thermodynamic models are Haar, Gallagher, and Kell [70] -HGK84 (also known as IAPS84), Wagner and Pruß [67] -IAPWS95, and Zhang and Duan [68] -ZD05. The electrostatic models are Johnson and Norton [46] -JN91, Fernandez and others [63] -FE97, and Sverjensky and others [9] -SV14.
The selection made for this study is by no means exhaustive. These specific models were chosen because they are widely used in geochemical modeling of hydrothermal processes [4, 9, 40] . The HGK84 thermodynamic and JN91 electrostatic models are most frequently used with the HKF model being part of the SUPCRT92 software. The IAPWS95 thermodynamic and FE97 electrostatic models are the recommended standard from the International Association for the Properties of Water and Steam and can replace HGK84 and JN91. The ZD05 thermodynamic and SV14 electrostatic models are used for extrapolations of the HKF model above the previous 5 kbar limit, up to 60 kbar.
Our comparison study is restricted to temperatures up to 1000°C and pressures up to 5 kbar, and water density ρ H 2 O
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≥ 350 kg/m 3 , which are within the conventional ranges of applicability of all considered models and are representative of upper to middle crustal conditions and thus relevant for hydrothermal and ore formation processes.
In the first part, we briefly present the chosen models and their applicability intervals (Table 1 ). In the following part, we compare the volumetric and dielectric properties of pure water solvent, calculated using different thermodynamic (HGK84, IAPWS95, and ZD05) and electrostatic (JN91, FE97, and SV14) models and their effect on the calculated thermodynamic properties of aqueous species and reactions (G 0 , S 0 , Cp 0 , V 0 , and log K). Finally, we compare results from equilibrium calculations concerning mineral solubilities, mineral assemblages, and fluid-rock interaction. Some recommendations on the model applicability and interchangeability are provided in the conclusions. This study serves as practical information for many modelers that use the HKF model and makes them aware of the differences that may arise at certain temperatures and pressures related to conditions of ore deposition and hydrothermal processes.
Thermodynamic Models
2.1. Helgeson-Kirkham-Flowers Model. The initial development of the HKF model is described in detail in a series of papers [31] [32] [33] [34] . It was later revised by Tanger and Helgeson [35] and Oelkers and Helgeson [71] to allow the calculation of standard partial molal properties of aqueous species at temperatures up to 1000°C and pressures up to 5 kbar. The model is also limited to ρ H 2 O ≥ 350 kg/m 3 , T ≤ 350, or T ≥ 400°C for P < 500 bar. This conventional limitation is related to accuracy of the g pressure-and temperature-dependent solvent function and its partial derivatives needed for calculating the properties of charged aqueous species [40, 72] . In the HKF model, the contributions to the molal properties are separated into nonsolvation (Ξ n ) and solvation contributions (Ξ s ):
The nonsolvation contributions are determined using semi-empirical heat capacity and volume equations and the solvation contributions using the dielectric constant of water. At high temperatures and low pressures, the solvation contributions predominate over the nonsolvation contributions [35] . The HKF model uses an additivity relationship [73] between the standard partial molal thermodynamic properties of the kth electrolyte (Ξ°k) with properties of the jth aqueous ions (Ξ°j):
where v j,k represents the number of moles of the jth ion in one mole of the kth electrolyte (Tanger and Helgeson [35] ; (1)). This permits the use of experimental data for aqueous electrolytes to infer the standard partial molal properties of their associated aqueous ions. Tanger and Helgeson [35] used experimental data for partial molal volumes, compressibilities, and isobaric heat capacities of electrolytes, to regress the parameters in the semi-empirical expressions for the nonsolvation contributions for electrolytes (parameters a 1 , a 2 , a 3 , a 4 , c 1 , and c 2 in the HKF 3 Geofluids model). From the resulting parameters for electrolytes, using the additivity principle and the convention that all properties of the H + ion are zero at any temperature and pressure, Tanger and Helgeson [35] calculated the HKF parameters of several aqueous ions and complexes. These form the core HKF dataset from which different correlations were later developed and used to generate HKF parameters for many other ions and complexes [38, 39, 49] . In some cases, to improve the accuracy of calculations, the HKF parameters are optimized against experimental data [27, 29, 58, 74] .
The solvation contributions are formulated using the Born theory [61] as functions of the water dielectric constant. The standard partial molal Gibbs-free energy of solvation for the jth ion is expressed by
where ε H 2 O represents the dielectric constant of water and ω j is the conventional Born coefficient of the jth ion, which is expressed as (see Tanger and Helgeson [35] , their eq. (13))
where η represents an HKF model constant (1.66027•10 5 Å•cal•mol
), Z is the charge of the species, g is a function of temperature and solvent density ρ H 2 O [72] , and r e,P r ,T r is the effective electrostatic radius of the species at reference temperature T r = 298 15 K and pressure P r = 1 bar :
where ω T r P r is the conventional Born coefficient at reference temperature and pressure.
Other partial molal solvation properties such as volume, ΔV°s ,j , entropy, ΔS°s ,j , and isobaric heat capacity, ΔCp°s ,j , are calculated as pressure and temperature derivatives of the free Gibbs energy of solvation using the formulae
ΔS°s ,j = − ∂ΔG°s ,j ∂T
ΔCp°s ,j = −T ∂ 2 ΔG°s ,j
where Y, Q, and X are the Born functions (see Tanger and Helgeson [35] , their appendix D and G):
The temperature and pressure derivatives of the dielectric water constant, which are necessary for the Y, Q, and X evaluation, are obtained from [46] which relate the dielectric constant derivatives to the water density, the water isothermal compressibility:
the isobaric expansivity
and the isobaric temperature derivative of the isobaric expansivity
Equations (3), (4), (5), (6) , (7), (8) , (9) , (10), (11), (12), (13) , and (14) show the dependence of the HKF model on both the water density and the water dielectric constant. [46, 67] .
The equation of state outside the critical region can be written as
where C represents a conversion factor and M is the molecular weight of water. Other thermodynamic properties can be calculated by combining the derivatives of the Helmholtz free energy function ( [67] ; their [76] for predictions at temperatures from 550°C to 1000°C. The formulation developed by Johnson and Norton [46] has a good representation of the experimental data, the approximations of Helgeson and Kirkham [32] equations, and the approximations and predictions of the Pitzer [76] equation [46] . When evaluating the experimental and predicted data for the JN91 model refinement, Johnson and Norton [46] calculated the density of water and its derivatives using the HGK84 model. [65] and recalibrated it using the experimental data of Heger et al. [77] up to 550°C, data from ab initio molecular dynamics at 727°C from Pan et al. [78] , and estimates from the formulation of Fernández et al. [63] up to 927°C. Sverjensky et al. [9] suggest that the equation of Franck et al. [65] can be applied up to a density of 1100 kg/m 3 . Based on the previous observations that the dielectric constant of water is linearly dependent on the natural logarithm of the water density [77] , Sverjensky et al. [9] formulated an empirical equation for ε H 2 O as a function of ln ρ H 2 O at higher densities. For regressing the parameters in this equation, values for ε H 2 O calculated with the recalibrated equation of Franck et al. [65] were used. They suggested that the linear relation holds up to high pressures (60 kbar) by comparing their results to the results of ab initio molecular dynamic simulations [78] . The density of water was calculated from the equation of Zhang and Duan [68] . The authors recommended the use of the model for temperatures of 100-1200°C and pressures of 1-60 kbar.
Setup and Methods
We investigate how different thermodynamic and electrostatic models (Table 1 ) affect the calculation of standard molal properties of aqueous species using the HKF model. As underlined before, these models are used to calculate the solvation contributions to the standard molal properties. In the following comparison, we focus on differences in the calculated standard state properties that arise from the solvation contributions ( (3), (6), (7), and (8)) calculated using different solvent property models. No differences result from the nonsolvation contributions. Unless stated otherwise, we use the same species-specific set of HKF parameters (a 1 , a 2 , a 3 , a 4 , c 1 , and c 2 ). The temperature, pressure, and density conditions we considered were 25-1000°C, 1-5 kbar, and ρ H 2 O > 350 kg/m 3 , respectively (data points below the 350 kg/m 3 HKF density limit were excluded from the plots). The calculated solvent properties refer to that of pure water. No solute 5 Geofluids effects on the thermodynamic and electrostatic properties of the solvent are considered. The thermodynamic properties of solutes refer to standard partial molal properties at infinite dilution and the apparent Gibbs energy in the BensonHelgeson convention [79, 80] . In order to model real systems, an activity coefficient model that corrects for the nonideal mixing contribution (excess properties of the solution) is necessary. In the current study, when calculating fluidmineral equilibria, the activity coefficients (γ) of aqueous species are calculated by the extended Debye-Hückel equation [34] , which is often used together with the HKF model
where A and B represent the Debye-Hückel solvent parameters, a°the ion size parameter, b γ a semi-empirical extended term parameter, and I the effective ionic strength (corrected for ion pairing and complexing). For the aqueous fluidmineral equilibrium calculations, the parameters suitable for a NaCl major background electrolyte were used with a°= 3 72 A°and b γ = 0 064 at 25°C, both with temperature and pressure dependence [34, 81] . This equation is applicable up to a 3-molal background electrolyte concentration. The volumetric and dielectric properties of water solvent and the standard thermodynamic properties of ions, complexes, and reactions were computed using the ThermoFun library (Miron and others, in preparation, https://bitbucket .org/gems4/thermofun). The library calculates standard thermodynamic properties of substances and reactions at the temperature and pressure of interest, using an extensive collection of equations of state and empirical models for substances and reactions. The Reaktoro ( [51] ; http:// reaktoro.org, [82] ) geochemical modeling tool was used for the aqueous fluid-mineral equilibrium calculations. Reaktoro is an open-source framework in C++ and Python that uses state-of-the-art numerical methods and that can be used for simulating chemical systems governed by equilibrium, kinetics, or a combination of both.
Results
In the following examples, we performed calculations with different combinations of thermodynamic and electrostatic models together with the HKF model and looked at the differences in the calculated properties compared to the baseline, where we used the IAPWS95 thermodynamic model and the FE97 electrostatic model, which currently are the recommended standard.
Comparison between Calculated Water Solvent
Properties. In this section, we compare values of water properties (density, isobaric expansivity, isothermal compressibility, isobaric temperature derivative of isobaric expansivity, dielectric constant, and values of Born coefficients) calculated using different combinations of thermodynamic and electrostatic models.
First, we assess the effect of using different thermodynamic models on the volumetric properties of water: density, isobaric expansivity, isothermal compressibility, and isobaric temperature derivative of isobaric expansivity.
The IAPWS95, HGK84, and ZD05 thermodynamic models produce consistent water density values, ρ H 2 O , in most of the considered temperature and pressure interval (25 to 1000°C, 1 to 5 kbar), with deviations of HGK84 and ZD05 from IAPWS95 predominantly less than 1%. However, the discrepancies increase with increasing temperature and pressure, as seen in Figure 1 (a). The largest discrepancies between IAPWS95 and ZD05 can be seen at 1 kbar above 550°C, with deviations abruptly increasing to 2.5% at 600°C (calculated densities 374 kg/m 3 and 365 kg/m 3 for IAPWS95 and ZD05). The biggest mismatch between IAPWS95 and HGK84 occurs at T > 800°C and P > 2 kbar, where the deviations increase to 1.5%.
The values of isobaric expansivity, α H 2 O , and isothermal compressibility, β H 2 O , calculated using the three different models (Figures 1(b) and 1(c)) are overall in good agreement between 50 to 1000°C and 1 to 5 kbar. For α H 2 O , the deviations of HGK84 and ZD05 from the IAPWS95 model do not go beyond 5%, with the exceptions at T < 50°C (with increasing pressure deviations go up to 18%) and at T > 450°C, 1 kbar for ZD05 (deviations go up to 11%). For β H 2 O , the deviations remain below 5.2%, except at 1 kbar, T > 500°C, for ZD05 compared to IAPWS95.
For the isobaric temperature derivative of the isobaric expansivity, ∂α H 2 O /∂T P , the values obtained using HGK84 and ZD05 have discrepancies from the IAPWS95 model smaller than 25% only at conditions between 100 and 600°C ( Figure 1 
and in the region between 600 and 800°C, the differences go up to 140%. At these temperature and pressure conditions, the isobaric expansivity changes from very close to zero positive to negative values, resulting in large percent deviations for very small values. Overall, the ZD05 model always shows increasing discrepancies for all calculated water volumetric properties at 1 kbar pressure with increasing temperature. Secondly, we look at the effect that different combinations of thermodynamic and electrostatic models have on the values of the dielectric constant of water. The electrostatic models used to calculate the water dielectric properties are functions of the water density and its derivatives. Unlike the volumetric properties of water, which are only affected by the choice of the thermodynamic model, the dielectric constant of water (ε H 2 O ) is influenced both by the choice of the electrostatic and thermodynamic models.
Exchanging the thermodynamic models produce in general small differences. The use of the FE97 electrostatic model (recommended standard by the IAPWS) for the dielectric constant of water, combined with the HGK84, and ZD05 thermodynamic models, results in deviations from the IAPWS95 model not larger than 2.1% (except for ZD05 at 1 kbar), as seen in Figure 2 (a). As expected (ε H 2 O being a function of ρ H 2 O ), the percent deviations are similar to the 6 Geofluids ones calculated for water density (Figure 1(a) ), with a slightly larger spread overall. Large discrepancies result when exchanging the electrostatic models. The differences of the JN91 and SV14 electrostatic models from FE97 for the calculated dielectric constant, ε H 2 O , using the IAPWS95 thermodynamic model to calculate ρ H 2 O increase with increasing temperature above 500°C (Figure 2(b) ). Below 500°C, the discrepancies stay 7 Geofluids below 5%, while above 500°C, they go up to 19%. Overall, the differences decrease with increasing pressure, with SV14 showing a 9.5% difference and JN91 a 2% difference from FE97 at 1000°C and 5 kbar.
Thirdly, we look at the differences in Born functions, calculated using different electrostatic models. X, Y, and Q Born coefficients all depend on ε H 2 O (see (9) , (10) , and (11)), but as observed in Figure 2 (a), the dependence of ε H 2 O on the choice of a thermodynamic model is weak; therefore, we only compare the impact of using different electrostatic models for calculating Born coefficients. We use FE97 as baseline and the IAPWS95 thermodynamic model to calculate the water density and its derivatives.
The differences for the Born functions (Y, Q, and X) calculated using the JN91 and SV14 models from the FE97 model show a similar pattern as in the case of ε H 2 O (Figure 2(b) ). For the Born Y function (Figure 3(a) ), the discrepancies from FE97 are under 10% below 500°C with the exception of SV14 at temperatures lower than 100°C (which is the recommended lower limit for the SV14 model, Sverjensky et al. [9] ). Above 500°C, the discrepancies increase with temperature but decrease with pressure, with a maximum difference of 35% at 950°C and 2 kbar. For the Q Born function (Figure 3(b) ), the maximum disagreement between JN91 and FE97 is 48% and that between SV14 and FE97 is 35%. Above 600°C, the differences start to increase with temperature and pressure between FE97 and JN91 and increase with temperature but decrease with pressure between FE97 and SV14. The X Born function (Figure 3(c) ) shows increasing discrepancies below 200°C for SV14, while the overall differences increase with temperature and decrease with pressure above 600°C for SV14 and JN91 compared to FE97.
Figures EA1, EA2, and EA3 in the electronic supplementary material are analogous to Figures 1-3 , but show the absolute differences in property values instead. (3), (6), (7), (8) (9), (10) , and (11) . Furthermore, the electrostatic models are dependent on the thermodynamic model used to calculate the water density and its derivatives ((12), (13) , and (14)). The dependence is also visible when looking at similar patterns of the comparisons between the calculated properties of aqueous species, presented below, and those of water as seen in Figures 1-3 and Figures EA1, EA2 , and EA3 from the electronic supplementary material. 
Comparison of the Calculated Standard Properties of the
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In the first part of this section, we chose the Al 3+ aqueous species to investigate the effect of different thermodynamic and electrostatic models on its partial molal standard state properties: Gibbs energy, entropy, heat capacity, and molar volume. Aluminum is a major rockforming element commonly showing low solubility in aqueous solutions for a wide range of crustal conditions. The high charge and high value for the conventional Born coefficient of Al 3+ amplify the effect of using different water properties models (see (4) and (5)). The results showing differences in the calculated thermodynamic properties of Al 3+ are presented in Figure 4 , comparing 9 Geofluids thermodynamic models, and Figure 5 , comparing electrostatic models.
First, we compared how different thermodynamic models affect the standard molar properties of Al 3+ , using the FE97 electrostatic model for the calculation of the dielectric properties of water. Despite the large visual differences observed in Figure 4 , the standard molal properties of Al volumetric properties of water. As Figure 5 shows, inconsistency between the selected electrostatic models (JN91, SV14, and FE97) for temperatures above 500°C strongly affects the calculated standard properties of Al
3+
. However, with increasing pressure at temperatures above 500°C, although large, the mismatch decreases. For the G ∘ Al 3+ values, there is good agreement (differences <1.5 kJ·mol
) between the investigated models up to 500°C (Figure 5(a) ). Above this temperature, the discrepancies between JN91 and SV14 from FE97 strongly increase with increasing temperature but decrease with increasing pressure with maximum differences of 58 and 41 kJ·mol −1 between FE97 and JN91, and SV14 and FE97, respectively. For the calculated S ∘ Al 3+ and Cp ∘ Al 3+ , large differences between FE97 and SV14 ( Figures 5(b) and 5(c)) can be seen below 100°C (the lower limit of the SV14 model), while the values calculated with the JN91 and FE97 models are in good agreement at these conditions. Above 400°C, the differences between FE97 and SV14, and between FE97 and JN91 for S In the second part of this section, we compare the equilibrium constant values of the muscovite-forming and water dissociation reactions 
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The muscovite forming reaction (17) is not characteristic for natural systems, but it is a complex reaction that includes several ions and it is used in many LMA thermodynamic databases to calculate geochemical equilibria (e.g., SOLTHERM-2011.XPT and SOLVEQ database). Therefore, it was chosen together with the water dissociation reaction to illustrate and quantify the effect of using different thermodynamic and electrostatic models on values of reaction equilibrium constants.
When comparing IAPWS95 to HGK84 and ZD05 formulations for the volumetric properties of water, the differences in the log K values do not exceed 0.5 log units for the muscovite reaction (Figure 6(a) ), and 0.1 log units for the water reaction ( Figure 6(b) ). This is similar to the case of individual standard state properties of ions. When different formulations for the electrostatic properties of water are used, the discrepancies between FE97 compared to JN91 and SV14 remain below 0.5 log units for the muscovite reaction ( Figure 6(c) ) and below 0.1 log units for the water reaction ( Figure 6(d) ) between 25 and 400°C. The discrepancies start to increase sharply above 400°C, as it was also observed for the standard state properties of individual ions ( Figure 5 ). The differences for the muscovite reaction exceed 7 log units, while the maximum difference for the water reaction is 1.45 log units at 950°C, 2 kbar, between calculations using FE97 and JN91.
To see if we can determine the use of which electrostatic model produces values that are more accurate, we compare them with an independent equation for calculating the water dissociation constant. Bandura and Lvov [83] made an exhaustive literature review concerning the dissociation of water and proposed an empirical equation (BL06), with seven adjustable parameters, recommended to be valid for temperatures between 0-800°C and for densities between 0 and 1.2 g/cm 3 . We compare the BL06 model with the water dissociation constants calculated using the JN91, FE97, and SV14 electrostatic models (Figure 7) . For computing the reaction constant ( (18)), the Gibbs energy of water was calculated using the IAPWS95 thermodynamic model, while the Gibbs energy of OH − was calculated using the HKF model. [83] (BL06) and values obtained from using SV14, FE97, and JN91 electrostatic models for calculating the standard state properties of OH − . The Gibbs energy of H 2 O was calculated using the IAPWS95 thermodynamic model. Full lines-differences between BL06 and the SV14 electrostatic model using the nonsolvation HKF parameters reported by Sverjensky et al. [9] . The remaining differences are obtained using the nonsolvation HKF parameters reported by Tanger and Helgeson [35] . Dashed lines-differences between BL06 and SV14. Dotted lines-between BL06 and FE97. Dashed-dotted lines-between BL06 and JN91. 13 
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In addition to exchanging different electrostatic models (used for calculating the solvation contributions), one comparison was done using a different set of HKF parameters for OH − (used for calculating the nonsolvation contributions). First, we used the original OH − HKF parameters from Tanger and Helgeson [35] and tested each electrostatic model (SV14, FE97, and JN91; Figure 7 dashed, dotted, and dashed-dotted lines). Second, we used the OH − HKF parameters reported in the DEW model (Deep Earth Water model, v. 11.0.1) dataset together with the SV14 electrostatic model (Figure 7, full lines) . In the DEW dataset, it is stated that the HKF parameters for OH − were optimized against values calculated with the BL06 model. When using the HKF parameters for OH − from Tanger and Helgeson [35] , at temperatures smaller than 600°C, differences from BL06 remain below 0.5 log units except at 1 kbar when using SV14 (Figure 7, dashed lines) . If the HKF parameters for OH − are taken from the DEW dataset and the SV14 electrostatic model is used, differences from BL06 remain below 0.2 log units (expect at 1 kbar, Figure 7 , full lines). For all cases, above 600°C discrepancies increase with increasing temperature, up to 4 log units (between BL06 and SV14 at 950°C and 2 kbar), and decrease with increasing pressure.
Effect of Using Different Electrostatic Models in the Modeling of Fluid Mineral Equilibria and Fluid-Rock
Interaction. To assess the impact of choosing different models for calculating the water dielectric properties on mineral equilibria and fluid-rock interaction, we preformed several equilibrium calculations between a single mineral, mineral assemblages, simple granite rock composition on the one hand, and aqueous solutions of varying salinity on the other hand at different temperature and pressure conditions. We compare JN91, SV14, and FE97 electrostatic models; the IAPWS95 thermodynamic model was used for calculating water density and its derivatives.
First, we simulated the solubility of a single mineral (calcite and muscovite) and of a simple mineral assemblage (wollastonite plus quartz) in pure water and of another assemblage (enstatite plus forsterite) in the NaCl water solution ( Figure 8 ). The solubility of calcite, muscovite, and wollastonite plus quartz was calculated from 200 until 800°C at 2 kbar. The enstatite plus forsterite assemblage was equilibrated at 700°C and 4 kbar with chlorine concentration increasing from 0.001 to 2 mol/kg H 2 O.
In the single mineral solubility example (Figures 8(a) and  8(b) ), differences in the total element concentrations as well as in the pH and in the amounts of aqueous species start to appear above 500 to 600°C. Using the SV14 and FE97 models results in increasingly lower mineral solubilities with increasing temperature, compared to the JN91 model. In the calcite solubility calculation, the discrepancies increase with the increasing charge of an ion (with concentration of Ca 2+ having the largest and that of CaCO 3 0 having the smallest discrepancy at 800°C, Figure 8(a) ). The calculated total Ca concentration is in good agreement with the experimental data (400 to 600°C) of Fein and Walther [84] . For the muscovite solubility (Figure 8(b) ), a large mismatch is observed in the case of Al(OH) 3 0 , which despite being a neutral aqueous complex has a rather large conventional Born coefficient (ω T r P r = 0 53•10 −5 cal/mol) [27] . This leads to a difference of about 0.28 log units in the dissolved Al and K at 800°C. The pH starts to show differences only above 700°C, with 0.1 log units smaller at 800°C when using the SV14 and FE97 models, compared to the JN91 model. In the case of wollastonite plus quartz solubility (Figure 8(c) ), there is not much disagreement between the JN9, SV14, and FE97 models, with the only major difference being visible for the pH above 600°C, with a 0.5-unit difference at 800°C. The calculated silica and calcium concentrations are in good agreement with the experimental data (300 to 660°C) of Xie and Walther [85] .
In the case of enstatite plus forsterite solubility (Figure 8(d) ), for the total amount of dissolved Mg and pH, differences larger than 0.1 log units exist only at chlorine concentrations below 0.1 Cl mol/kg H 2 O.
Secondly, the composition of a fluid in equilibrium with albite, K-feldspar, andalusite, and quartz mineral assemblage, with increasing chlorine concentration, was calculated ( Figure 9 ). The system was equilibrated at 650°C and 2 kbar with Cl concentration ranging from 0.01 to 2 mol/kg H 2 O. For the total amounts of dissolved elements in equilibrium with albite, K-feldspar, andalusite, and quartz mineral assemblage, no significant differences are visible when using the different electrostatic models (JN91, SV14, and FE97) for calculating the water dielectric properties (Figure 9(a) ). Small discrepancies are apparent in the total dissolved aluminum at low Cl concentrations. The modeled data agrees well with the experimental points from Pak et al. [86] . Even though there is a scatter in the experimental data, the Si, Al, Na, and K concentrations calculated using the SV14 and JN91 models are less than 0.1 log units different. Figure 9(b) shows the calculated speciation for the same system (molality of individual species); differences in the concentrations of aqueous ions (e.g., Na + , K + ) up to 0.25 log units can be observed; similar differences of opposite sign can be observed in the concentration of neutral complexes (e.g., NaCl 0 , KCl 0 ). Finally, we simulated the reaction of granite with a simple composition (37 wt% albite, 30 wt% quartz, 21 wt% K-feldspar, and 12 wt% muscovite) with a 1 NaCl mol/kg H 2 O solution ( Figure 10 ). The equilibrium was calculated at 600°C and 2 kbar (consitions at which significant dicrepanices exist between electrostatic models), from 0.1 to 600 water to solid ratios (W/S). The concentrations of total dissolved Na, K, Si, and Al, as well as the pH show consistent results when using the FE97, SV14, and JN91 models.
6. Discussion 6.1. Discrepancies between Calculated Water Solvent and Aqueous Species Properties. In the HKF model, the solvation contribution to the partial molal standard state properties of aqueous ions and complexes is calculated using the dielectric constant of the water, which is calculated using models that are functions of water density. Therefore, differences in the calculated water density, dielectric constant, and their derivatives with respect to temperature and pressure propagate in the values of the aqueous 14 Geofluids ions and species properties (notice similarities between Figures 1-5 , and EA1-EA5 in the electronic supplementary material). As presented in Results, overall, only small differences arise in the calculated standard state properties of aqueous ions and complexes when comparing HGK84, IAPWS95, and ZD05 formulations for the water density calculation. A considerable agreement exists between various models from the early HGK84 formulation up to present models [2, 67] . This is due to a large amount of available experimental data on the volumetric properties of water and a similarity in the functional form of the HGK84 and IAPWS95 thermodynamic models. Some notable differences can be seen at high and low water densities for the heat capacity and at low water density for the volume. Although the recommended lower pressure limit for ZD05 is set at 1 kbar, due to significant disagreements with the other two models for the calculated β H 2 O and α H 2 O , a more appropriate lower limit would be 2 kbar. The disagreements in the calculated density further translate into differences in the derivatives of the dielectric constant (Born functions) and in the standard state properties of aqueous species such as S ∘ , Cp ∘ , and V ∘ (Figures 1 and 4) . Differences between 1 and 3 kJ·mol −1 in the calculated Gibbs energy between IAPWS95, ZD05, and HGK84, although relatively small, can be significant when estimating reference temperature and pressure values from high-temperature and -pressure measurements.
The investigated formulations for calculating the dielectric properties of water are semi-empirical fits to selected experimental data [46] with some additional theoretical considerations and to molecular dynamics simulation data beyond the experimental interval [9, 63] . Although the models extrapolate smoothly outside their recommended interval, they start to disagree beyond the upper temperature limit of the available experimental data (~500°C, experimental data of Heger et al. [77] up to 550°C and 5 kbar) [47] . The electrostatic models are functions of the water density and its derivatives and were developed using a supporting water thermodynamic model. Strictly speaking, one has to use the same model to calculate the water density that was used when fitting a dielectric properties model. However, as shown in the results (Figures 1, 2(a), 4, 6(a) , and 6(b) and from the electronic suplementary material Figures EA1, EA2A , and EA4), there are no major differences when using different models for calculating the water density and its derivatives below 800°C. Thus, the impact of combining thermodynamic models for water, as discussed above, in the investigated temperature and pressure range, with any water electrostatic model, is minimal. For example, if water volumetric properties are calculated using HGK84, instead of IAPWS95, at 1000°C and 5 kbar, the difference for ε H 2 O between JN91 and SV14 would be 0.7% smaller (see Figure 3(a) ). Outside the investigated temperature pressure range (25 to 1000°C and 1 to 5 kbar) and outside the reported recommended 16 Geofluids conventional model bounds (Table 1 ), the differences may become significant [47] . The solvation contributions to the standard partial molal properties such as V o , S ∘ , and Cp ∘ ( (6), (7), (8)) are dependent on the Y, Q, and X Born functions ( (9), (10) , and (11)). Any differences in calculated values of the Born functions will propagate to the respective thermodynamic properties. Large differences can be seen in the calculated values for S ∘ , Cp ∘ , and V ∘ at high temperatures, because the investigated electrostatic models disagree above the highest available temperature experimental point (500°C). Below 150°C, the disagreements between the calculated values for Y and X using SV14 in comparison with FE97 and JN91, propagate to the values of S ∘ and Cp ∘ . The Q, Y, and X Born functions are dependent on the first-and second-order derivatives of ε H 2 O with respect to pressure and temperature. The models for calculating ε H 2 O having different mathematical form were fitted to experimental values of ε H 2 O and not the derivatives. It is recommended that a good agreement between the experimental data and the model should be maintained not only for ε H 2 O but also for its derivatives. A model might appear to visually reproduce the experimental data, but due to its mathematical formulation and not a robust physical background can introduce larger errors in the property derivatives.
The standard state Gibbs energy of ions calculated using the HKF model is dependent on the inverse dielectric constant ( (3)). The differences in the dielectric constant, obtained from different models that appear above 500°C, are translated into differences in the calculated standard state Gibbs energy. In the solvation contribution formulation ((3)), the inverse of the dielectric constant is multiplied with the conventional Born coefficient ω j . This leads to an increase in the differences of the calculated G o values with increasing charge of the ion (absolute value) and with increasing value of the reference conventional Born coefficient (ω T r P r ) in the HKF model ( (4) and (5)). The neutral species have zero charge and ω T r P r is usually set or is close, to zero, thus their solvation contribution is close to zero and the differences of the calculated G o values are only about a few hundreds of J/ mol. By contrast, for charged species, the solvation contribution is not close to zero and increases with the absolute value of the charge and the Born term parameter (ω T r P r ). This translates in differences of the calculated G o values that are on the order of thousands of J/mol. The aqueous speciation can be seen in the aqueous mineral equilibrium calculations. Where the concentration of an element is dominated by a neutral aqueous species (e.g., Figures 8(c) , 8(d) , and 9 for total Si with SiO 2 0 dominant species), the discrepancies are small. In the systems where the concentration is dominated by charged ions or complexes, the discrepancies are visible (e.g., Figures 8(a) and 8(b) for total Ca, Al, and K).
Differences in the calculated water dissociation constant from the BL06 model can have two main sources. The first source is the dielectric constant model (JN91, FE97, and SV14) that is used to calculate the solvation contribution to the Gibbs energy of OH − (e.g., Figure EA5 , electronic suplementary material; as discussed in the previous paragraph). At high temperatures, the solvation contribution to the Gibbs energy has the largest impact [35] . If we consider that the BL06 mode is accurate, the large discrepancies above 600°C (Figure 7 ) suggest that the main source of mismatch should be the electrostatic models. But above 400°C, only the reported data of Quist [87] was used for parameterizing the BL06 equation with stated deviations of up to 0.82 log units from experimental data [83] , still below the maximum discrepancy from different electrostatic models. The second source for the observed differences can be the HKF parameter set used for calculating the nonsolvation contribution to the Gibbs energy of OH − . [35] . The OH − HKF parameters from the core dataset [35] were derived from electrolyte experimental data using the additivity principle ( (2)) and are independent from measurements of water dissociation constant. To resolve the discrepancies with the BL06 model, the developers of the DEW dataset (Deep Earth Water model, v. 11.0.1) optimized the OH − HKF parameters. They refined them against values for the water dissociation constant calculated with the BL06 model, leading to an improved agreement up to 700°C (Figure 7) . One side effect of adjusting the HKF parameters of OH − (a core species) is that it breaks the consistency with the electrolyte data as presented in Tanger and Helgeson [35] . For example, from (2) Si tot Al tot Na tot K tot −pH Figure 10 : Calculated total elemental concentrations in the aqueous phase (1 NaCl mol/kg H 2 O solution at 600°C and 2 kbar) in equilibrium with granite (37 wt% albite, 30 wt% quartz, 21 wt% Kfeldspar, and 12 wt% muscovite) from 0.1 to 600 water-to-solid ratio (W/S), using the JN91, SV14, and FE97 models for water dielectric properties and IAPWS95 for water volumetric properties. In the geochemical literature, aqueous species are presented in their hydrated or dehydrated form. Conventionally, the dehydrated form of an aqueous species can be transformed to its hydrated counterpart by the reaction with water:
The thermodynamic properties of such a reaction are set to 0 by convention. Using different models for calculating the thermodynamic properties for water will result in differences in the calculated thermodynamic properties of the hydrated species. Calculating these properties using one water model and then doing equilibrium calculations with another one will break the consistency of reaction (19) . If determined from a hydration reaction, the properties of hydrated species get a contribution from the water properties and their temperature and pressure dependence. Furthermore, if properties calculated using a reaction similar to 19 are used to fit HKF parameters, the water properties and any discrepancies in them are further propagated in the optimized HKF parameters [88, 89] .
For a large number of aqueous species, the HKF parameters were generated from correlations [38, 49] . Using solubility and speciation data, the discrepancies between the modeled and measured data can be minimized by adjusting the reference standard state properties and the HKF parameters (parameters a 1 , a 2 , a 3 , a 4 , c 1 , and c 2 ) [27, 29, 58, 89] . If the solubility data are measured at conditions where the water dielectric constant models are in disagreement (e.g., above 500°C), then the discrepancies that result from the dielectric model used to calculate the solvation contributions will be fitted into the HKF parameters of the nonsolvation contribution to the standard state properties.
Discrepancies in Fluid Mineral Equilibria and Fluid-Rock
Interaction Modeling. When modeling fluid-rock interaction processes, depending on the aqueous speciation, large or small discrepancies in the total calculated amounts of dissolved elements can be observed.
In the case of calcite and muscovite solubility calculations, the total concentrations of Ca, Al, and K are controlled by charged species such as Ca 2+ , Ca(OH) + , K + , and Al(OH) 4 − and species with relatively large conventional Born coefficients, e.g., Al(OH) 3 0 [27] ; therefore, increasing discrepancies are observed above 500°C (Figure 8(a) and  8(b) ). Conversely, in the case of wollastonite plus quartz solubility (Figure 8(c) ), above 500°C, the concentration of Ca is controlled by CaSiO 3 0 species and only a small discrepancy is visible (similar to the concentration of Si). Below 500°C, CaOH + controls the concentration of Ca, but at these temperatures, there is good agreement between different electrostatic models. The enstatite plus forsterite solubility with increasing chlorine concentration shows how the change in speciation affects the discrepancy between the calculations (Figure 8(d) ). At low chlorine concentration where MgOH + controls the Mg concentration, a~0.3 log unit difference can be seen. With increasing chlorine concentration, the MgCl 2 0 neutral species becomes dominant, resulting in almost identical Mg concentrations calculated with the three electrostatic models.
In the case of the mineral assemblage (low albite, sanidine K-feldspar, andalusite, and quartz, Figure 9 ) in equilibrium with a NaCl aqueous solution, the ratio of Na to K in the dissolved fluid is constrained by the following reaction:
The major species governing the concentration of dissolved Na, K, and Si are neutral, and this results in small differences for the calculated total element concentrations. Additionally, the K and Na species appear on both sides of the exchange reaction and differences in the values of aqueous species properties calculated by different models cancel out. This has an effect on mineral exchange and partitioning reactions, which involve elements with similar speciation, resulting in a reduced, sometimes even vanishing discrepancy between different water dielectric models (at T > 500°C). Even though there is no visible difference in the total dissolved Na, K, and Si, there is a visible difference in the concentration of different species when using different models (Figure 9(b) ). A difference in the speciation of major elements can have an impact on pH, which in turn will affect the aqueous composition of minor and trace elements such as ore metals. For example, if a species such as CaOH + is more stable relative to Ca 2+ , more OH − will be consumed in order to form the neutral species, thus reducing the pH (e.g., Figure 8 (a), where above 600°C CaOH + is more stable when using JN91, resulting in a smaller pH, when compared with SV14 and FE97). The calculated total Ca concentration in equilibrium with wollastonite and quartz is not affected by changing the water dielectric properties models, but due to the impact that different models have on speciation, a discrepancy in the calculated pH is observed (Figure 8(c) ). Part of this is due to HSiO 3 + which is more stable when using the JN91 model. SiO 2 0 reacts with OH − forming HSiO 3 + , resulting in a lower pH (dashed black line). In contrast, for the solubility of muscovite, the large discrepancy in calculated total Al and K concentrations is not visible in the case of the calculated pH. A difference in pH is only visible above 700°C.
The salinity of metamorphic and hydrothermal fluids can vary from very dilute to hypersaline [22, 90, 91] , with the majority being around 3.2-4 wt% NaCl [91] . This has the effect that chloride species play a major role in the composition of aqueous fluids (e.g., NaCl 0 , KCl [34, 63] . These are necessary for calculating the activity coefficients, describing the asymptotic concentration dependence of the thermodynamic properties at infinite dilution [34, 63] . In order to obtain the DebyeHückel coefficients, values of the first-and the secondorder derivatives of ε H 2 O with respect to temperature and pressure are needed, as well as the first-and the secondorder derivatives of ρ H 2 O . Differences in the values of these derivatives that arise from applying different models propagate to the calculated activity coefficients (excess thermodynamic properties). However, in this study, we did not investigate the impact of using different models for the water properties calculation on the Debye-Hückel limiting law coefficients (i.e., the same activity model has been used in all cases).
HKF Drawbacks and Outlook.
The main disadvantage of the HKF model is that it becomes increasingly inaccurate in predicting the properties of solutes close to the critical point of water and at low water solvent densities [47] . This makes HKF not applicable to model solute properties in vapor like water densities. The model has also been criticized for inaccurate prediction of the properties of nonelectrolyte solutes in the near critical and supercritical regions of water [48, 92, 93] . Additionally, the effect of the solute on the dielectric constant is not considered; i.e., the calculated properties are for pure water solvent. This prevents modeling of mixed solvent electrolyte solutions (e.g., CO 2 -rich fluids; Galvez et al. [44] ). As shown above, another disadavantage results from the discrepancies in the water electrostatic models, necessary in the HKF model to be able to calculate the standard state properties of aqueous ions and complexes. One way to resolve the existing discrepancies between different models for calculating the dielectric constant of water is producing new experimental data. New data retrieved from experiments or from molecular dynamics simulations on the dielectric constant of water, especially at elevated temperatures and pressures, is highly desirable. The experimental data needs to be fitted to a model with robust physical background, avoiding data overfitting, and taking care that the derivatives of the function representing the property are correctly represented. In addition, the dielectric properties of water can be indirectly retrieved from solubility measurements at highpressure and -temperature conditions. This can be done in simple systems such as quartz solubility (see McKenzie and Helgeson [94] ) accompanied by spectroscopic studies on the aqueous speciation for an accurate description of the fluid chemistry. Furthermore, one could use the HKF parameters for OH − that were independently derived from electrolyte data, at temperatures below 500°C (where the nonsolvation contributions are dominant) and the measured water dissociation constants at temperatures above 500°C (where the solvation electrostatic contributions are dominant) for back calculating the dielectric constant of water. If the HKF parameters derived from electrolyte data and the measured water dissociation constants are accurate enough, the retrieved values for the dielectric constant can be used to constrain electrostatic models at elevated temperatures.
Another way to avoid the existing disagreements introduced by different water dielectric constant models in the values of the aqueous species properties is the use of the socalled "density" models [2, 95] . These models are functions which describe the properties of reactions involving aqueous species and minerals at elevated temperatures and pressures using the density of water and several adjustable parameters, without requiring the dielectric constant of water, and better reproducing the standard state properties close to the critical point of water. However, to be able to have a comprehensive thermodynamic database, for the numerous species needed when modeling complex geochemical systems, a large number of experimental data points are needed to be able to fit the empirical parameters of the density models. In comparison, the HKF model parameters are largely correlated. This gives the possibility to generate sets of parameters for species with little or no experimental data available [9] , but how well these parameters, resulting from correlations, reproduce experimental, and natural data, is still a matter of debate [29, 48] .
Conclusions
We have studied how different models for evaluating thermodynamic and electrostatic properties of water affect the calculated standard state thermodynamic properties of aqueous species using the HKF model.
Overall, there is good agreement between the three investigated thermodynamic models for water (HGK84, IAPWS95, and ZD05) in a wide range of temperature and pressure conditions. However, increasing discrepancies were identified for the standard state properties at temperatures > 800°C (for Gibbs energy, entropy, heat capacity, and volume) and water densities > 1100 kg/m 3 (for volume). A more appropriate pressure lower limit for the ZD05 model would be 2 kbar, while HGK84 and IAPWS95 are in good agreement between 1 and 5 kbar and 25 and 800°C. The general good match between these models is due to the large amount of high-quality experimental data available that were used in their parameterization and the similarity of the governing equations.
Large disagreement is observed in the calculated standard state properties of aqueous ions and complexes (using the HKF model) when different electrostatic models (JN91, FE97, and SV14) are used for calculating the dielectric constant of water and its temperature and pressure derivatives. The deviations are evident at temperatures above 500°C. These discrepancies arise from the lack of experimental data for the dielectric constant of water at higher temperatures and pressures. To resolve the existing differences, new data on the dielectric constant of water from direct or 19 Geofluids indirect measurements (e.g., mineral solubility, water dissociation) and from ab initio molecular dynamics are necessary.
The discrepancies in the calculated properties of aqueous ions and complexes increase with increasing absolute charge and the standard conventional Born coefficient of the species. Therefore, the use of different models has little impact on neutral species, which have zero charge and conventional Born coefficient close to zero (e.g., SiO 2 0 ). For mineral exchange reactions and element partitioning (e.g., exchange between ions with similar hydrated ionic radius), the differences will be minimized, appearing with similar values on both sides of the reactions. When modeling aqueous mineral equilibrium, variation can be small or large depending on the major species that control the elemental concentration. An aqueous phase in equilibrium with minerals dominated by ions and charged species shows increasing deviation in the total concentration of elements above 500°C. Systems with aqueous fluids containing a variable amount of chlorine (e.g., NaCl, typical for many hydrothermal and metamorphic fluids) will be dominated at elevated temperatures by neutral species such as NaCl , and MgCl 2 0 and therefore show very small discrepancies. Even if there is no difference in the calculated concentration of major elements because of the impact that different models have on the speciation, a difference in the calculated pH can result. This will have an impact on the calculated concentration of minor and trace elements such as metals and rare earth elements.
The shortage of thermodynamic data at higher temperatures inhibits the modeling of high-temperature magmatichydrothermal systems, demanding new mineral solubility experiments at such conditions. However, different electrostatic models will produce different values for the dielectric properties of water in the temperature range of interest (above 500°C), and these differences will be propagated to the nonsolvation HKF model parameters, evaluated from the solubility experiments. Therefore, care has to be taken when using mineral solubility experiments (done above 500°C) to retrieve standard state thermodynamic properties, such as solubility constants or Gibbs free energies of formation for aqueous species, and when modeling these data using different electrostatic models for water together with the HKF model. The IAPWS95 and FE97 models for calculating the water thermodynamic properties and dielectric constant are the recommended standards. They should replace the HGK84 and JN91 models for modeling calculations at upper to middle crustal conditions. The core HKF dataset containing standard state properties and HKF parameters for ions and complexes [35] was built using experimental data retrieved at temperatures below 500°C, and the parameters for many species were subsequently derived from correlations built upon these data. To be fully consistent, a general update of the HKF parameter set due to exchanging water solvent models would seem necessary, but the differences in the models below 500°C are small. Unless the parameters were derived from experiments done at higher temperatures, the significant effort would only bring minor improvements. Efforts should be focused instead on resolving the discrepancies in the water dielectric constant above 500°C, or providing parameter sets (covering a rather large number of species) for models that do not require calculating the dielectric constant of water.
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